
Atmos. Chem. Phys., 25, 14479–14500, 2025
https://doi.org/10.5194/acp-25-14479-2025
© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Secondary ice formation in cumulus congestus clouds:
insights from observations and aerosol-aware

large-eddy simulations

Silvia M. Calderón1, Noora Hyttinen1, Harri Kokkola1,2, Tomi Raatikainen3, R. Paul Lawson4, and
Sami Romakkaniemi1

1Finnish Meteorological Institute, Kuopio, Finland
2Department of Applied Physics, University of Eastern Finland, Kuopio, Finland

3Finnish Meteorological Institute, Helsinki, Finland
4SPEC Incorporated, Boulder, Colorado

Correspondence: Silvia M. Calderón (silvia.calderon@fmi.fi)

Received: 9 June 2025 – Discussion started: 26 June 2025
Revised: 25 September 2025 – Accepted: 25 September 2025 – Published: 4 November 2025

Abstract. Secondary ice production (SIP) was investigated in a cumulus congestus system observed during
the Secondary Production of Ice in Cumulus Experiment (SPICULE) campaign. Large-eddy simulations were
performed using UCLALES–SALSA, a model that explicitly resolves aerosol–hydrometeor interactions through
a sectional representation of aerosols, cloud droplets, rain droplets, and ice crystals. Two scenarios were com-
pared: one including only immersion freezing as an ice formation process, and another incorporating additional
SIP mechanisms – namely droplet shattering, rime splintering, and ice–ice collisional breakup.

The SIP-inclusive simulation reproduced the evolution of the observed cloud microphysical structure in both
warm and mixed-phase regions. Ice–ice collisional breakup generated substantially more secondary ice particles
than droplet shattering; however, it was only initiated after droplet shattering provided a sufficient initial ice par-
ticle population to meet the SIP triggering conditions. Droplet shattering was triggered by the presence of large
supercooled droplets, defined by an integral raindrop diameter exceeding 3.5 mm L−1 at temperatures below
265 K. Once formed, secondary ice particles enhanced riming and accretion, leading to auto-catalytic amplifi-
cation of SIP through ice–ice breakup. This feedback rapidly depleted cloud liquid water within approximately
10 min.

Enhanced updrafts were identified in SIP-active regions, suggesting invigoration in the upper mixed-phase
levels. SIP also intensified precipitation via the ice phase, resulting in a 26 % increase in domain-mean cumu-
lative precipitation. The simulations reproduced key aspects of the observed ice multiplication, supporting the
adequacy of the SIP representation in the model framework.

1 Introduction

Secondary ice production (SIP) refers to a series of physi-
cal mechanisms that generate ice particles from pre-existing
ones without intervention of ice-nucleating particles (INPs).
SIP can enhance ice number concentrations (INC) above lev-
els expected from primary ice formation via INP causing
ice multiplication factors of up to 104 (Wieder et al., 2022).
This can significantly affect the vertical stratification of the

cloud thermodynamic phase affecting their radiative proper-
ties (e.g. Young et al., 2019; Zhao et al., 2021; Waman et al.,
2022). SIP effects on ice microphysics may also alter the dy-
namics of precipitation formation via cold phase (e.g. Sul-
livan et al., 2018; Patade et al., 2025; Grzegorczyk et al.,
2025c).

There are at least seven mechanisms proposed to explain
SIP observed in laboratory studies. The most studied ones
are rime splintering (RS), droplet shattering (DS) and ice–ice
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collisional breakup (IIBR). Cloud particle imager (CPI) and
holographic imaging systems for sampling the number, size,
shape and thermodynamic phase of hydrometeors have pro-
vided a solid base of evidence of the SIP occurrence at dif-
ferent altitudes in different cloud types. CPI and holographic
images suggest that secondary ice formation can be identi-
fied by the simultaneous presence of small individual faceted
ice particles (i.e. maximum length below 100 µm) coexisting
with fragments of frozen drops or frozen drops with bulges,
spikes or cracks (Korolev et al., 2020, 2022; Korolev and
Milbrandt, 2022; Pasquier et al., 2022; Lawson et al., 2023b;
Patnaude et al., 2025). Similarly, it can also be indicated by
the concurrent presence of heavily rimed ice particles, den-
drites and broken branches of dendrites (e.g Schwarzenboeck
et al., 2009; Ramelli et al., 2021). The combination of these
crystal structures have been observed in laboratory experi-
ments focused on secondary ice formation by the mecha-
nisms of droplet shattering and ice–ice collisional breakup,
respectively.

All secondary ice production mechanisms share a com-
mon modelling framework that considers that ice multipli-
cation occurs during hydrometeor collisions when specific
conditions of temperature and hydrometeor relative size are
satisfied. SIP parametrizations are based on observed ice
multiplication factors (IMF) that come from a common set
of laboratory experiments. In case of rime splintering those
by Hallet and Mossop (1974) and Mossop (1976); in case
of the droplet shattering parameterization by Phillips et al.
(2018) the studies of Brownscombe and Thorndike (1968),
Takahashi and Yamashita (1970), Takahashi (1975), Taka-
hashi and Yamashita (1977), Kolomeychuk et al. (1975) and
Pruppacher and Schlamp (1975); and finally, in the case
of SIP parameterizations for ice–ice collisional breakup the
study by Takahashi et al. (1995). Despite this common back-
ground, IMF values can be different in different parame-
terizations even when they are meant to describe the same
physical mechanism at the same atmospheric conditions (e.g.
Sotiropoulou et al., 2021 versus Sullivan et al., 2018). Also,
SIP rates can be different in different cloud modelling stud-
ies depending on how hydrometeor sizes and process related
size limits are treated. Other less known SIP mechanisms
include ice particle fragmentation of sublimating ice parti-
cles, and ice particle fragmentation due to thermal shock
caused by freezing droplets on their surface and INP activa-
tion around freezing drops in transient supersaturation (Ko-
rolev and Leisner, 2020; Qu et al., 2022). These are not con-
sidered here because parametrizations are not available yet or
in the case of sublimational breakup requires more validation
(Deshmukh et al., 2022).

SIP parametrizations carry an intrinsic uncertainty inher-
ited from old experimental techniques lacking of the high-
speed microscopic imaging tools needed to follow the gener-
ation of secondary ice particles or the advanced control sys-
tems to keep stable conditions during experiments (Lauber
et al., 2018; Seidel et al., 2024). This has awakened the in-

terest in reproducing SIP experiments with state-of-the-art
laboratory techniques to validate variable dependencies and
assess the range of applicability of their associated parame-
terizations (Leisner et al., 2014; Lauber et al., 2018; Kein-
ert et al., 2020). For example, Grzegorczyk et al. (2025a)
confirmed variable dependencies (i.e. temperature and rime
fraction) and trends (e.g. increasing SIP rates with increas-
ing kinetic collisional energy) in SIP–IIBR rates observed by
Takahashi et al. (1995) but proposed adjustments to model
parameters to increase rates given by the SIP–IIBR parame-
terization of Phillips et al. (2017b). Another experiment with
contrasting results was performed by Seidel et al. (2024) who
found significantly lower SIP–RS rates in experiments mim-
icking those of Hallet and Mossop (1974). The rime splin-
tering parameterization based on the experiments of Hallet
and Mossop (1974) is the most commonly implemented SIP
pathway in weather and climate models (e.g. Zhao et al.,
2021; Sotiropoulou et al., 2021; Georgakaki et al., 2022; At-
las et al., 2022; Schäfer et al., 2024). In the recent modelling
studies SIP–RS rates had to be multiplied by factors ranging
from 2 to 10 in order to reduce the gap between modeled and
observed INCs (Han et al., 2024; Grzegorczyk et al., 2025a).
Unlike parametrizations for droplet shattering and ice–ice
collisional breakup, the parametrization for rime splintering
is typically implemented to give the number of secondary ice
particles per unit mass of rime ice, ignoring any type of hy-
drometeor size limitation affecting it. This implicitly can lead
to higher SIP rates than those occurring in natural clouds.

Despite an increasing number of case studies, the cloud
modelling community has not reached a consensus on a sim-
plified conceptual model for secondary ice production that
better and more consistently conveys observed ice multipli-
cation rates in all types of clouds regardless of their gene-
sis. Without a common SIP modelling framework, it is pos-
sible to have contrasting results even for the same cloud case
if studies employ different parameterizations of the same
mechanism (Qu et al., 2022; Huang et al., 2022). There
are three main action points to address in order to build a
common SIP modelling framework. First, there must be a
consensus around a common IMF parameterization to de-
scribe the same SIP mechanism. Currently there are at least
four different IMF parameterizations to represent secondary
ice production by droplet shattering. Even under the same
conditions, different parameterizations of identical processes
can produce vastly different ice multiplication factors per
SIP event (e.g. Lawson et al., 2015; Phillips et al., 2018).
Secondly, it is necessary to have experimentally based con-
straints for the size distribution of secondary ice particles.
This is an important source of uncertainty in inter-model
comparison studies, especially due to the intrinsically differ-
ent cloud schemes (e.g. bulk vs. sectional-based). Lastly, this
SIP modelling framework must agree on rules about the rel-
ative size of interacting hydrometeors since they determine
when a collision can effectively generate secondary ice par-
ticles. These constraints must selectively identify which mi-
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crophysical conditions trigger which mechanism, since there
can be overlapping variable ranges (e.g. rime splintering and
droplet shattering). A SIP modelling framework built ac-
cording to these rules would enable process-based attribu-
tion analysis to identify specific feedbacks operating within
a given cloud type.

Keeping these three factors in mind, the final goal is a
SIP modelling framework that is able to capture cloud re-
sponses under realistic atmospheric conditions where cloud
microphysics are constrained by aerosols. Without describ-
ing aerosol size and composition effects on hydrometeor
growth, cloud schemes are limited to prescribed size distri-
butions and process rates for droplet and ice activation. They
may fail in giving proper description of ice formation via
primary and secondary pathways missing important links to
others such as secondary activation and aerosol invigoration
(Fan et al., 2022; Varble et al., 2023). All these processes
combined can potentially affect the precipitation formation
driven by ice crystals, which is the most important pathway
accounting for 57 % of global surface precipitation (Heyms-
field et al., 2020). When included in cloud modelling stud-
ies, SIP-modulated changes in precipitation-related parame-
ters (i.e. magnitude and spatial variability of instantaneous or
cumulative rates, and duration) vary widely across cloud re-
sponses, perhaps as much as the process formulations vary
among them (Phillips et al., 2017a; Sullivan et al., 2018;
Hoarau et al., 2018; Han et al., 2024; Grzegorczyk et al.,
2025b, c).

In this study we offer insights on cloud dynamic re-
sponses to SIP by coupling results from aerosol-aware large-
eddy-simulations (LES) and in-cloud observations of a sys-
tem of towering cumulus observed in 5 June 2021 during
the Secondary Production of Ice in Cumulus Experiment
(SPICULE) carried out in the Southern Great Plains (USA).
LES simulations were performed with UCLALES–SALSA
because it does not use prescribed hydrometeor size distri-
butions but instead resolves them using a sectional repre-
sentation for aerosol, cloud droplets, rain droplets, and ice
crystals. This, not only allowed us to track closely size re-
lated effects, such as condensational growth and hydrome-
teor aggregation, but also allowed us to employ parameter-
izations that have a less empirical and more theory-based
framework to give a more realistic description of SIP events
and their dependence on hydrometeor sizes. Our goal was
to explore which parameterizations, microphysical assump-
tions, and variable dependencies are needed to reproduce the
ice multiplication effects observed in the system of cumu-
lus congestus towers. Once our modelling framework was
validated with observed cloud microphysics, we studied how
SIP affected the convective intensity, cloud phase partition-
ing, and surface precipitation.

2 Methods

2.1 Cloud case study: measurements and
instrumentation

Our case study comprises a system of towering cumulus
clouds observed in 5 June 2021 over the Great Plains in
southern Oklahoma (USA) during the Secondary Production
of Ice in Cumulus Experiment (SPICULE). Our selection
was driven by the existence of a very detailed set of air-
borne in situ and remote observations of cloud microphys-
ical properties showing evidence of secondary ice produc-
tion. Airborne measurements were carried out using two co-
ordinated aircrafts, the NSF Gulfstream V, and the Spec In-
corporated Learjet model 35 A, referred to from now on as
the GV and Learjet. Both airborne platforms were equipped
with air motion sensors and in situ microphysical probes cov-
ering different size ranges (Lawson et al., 2023a, 2022a).
The GV was monitoring the subcloud and warm cloud sec-
tion and had additional equipment compared to the Lear-
jet to measure aerosol size distributions (UCAR/NCAR –
Earth Observing Laboratory, 2023), number concentrations
of giant cloud condensation nuclei (CCN) (UCAR/NCAR –
Earth Observing Laboratory, 2021), and ice nucleating parti-
cles (INP) (DeMott et al., 2024). The GV was also equipped
with a polarimetric millimeter-wavelength radar (HIAPER
cloud radar). The Learjet flight was monitoring the upper-
most section of the mixed-phase zone and was equipped with
a Ka-band up/down radar (Korolev and Heckman, 2023).
Although this case was well documented in Lawson et al.
(2023b), for the sake of completeness, we included a sum-
mary of the instruments in Table S1 of the Supplement.

2.2 UCLALES–SALSA modelling framework

UCLALES–SALSA (University of California Los Angeles
Large Eddy Simulation model – Sectional Aerosol module
for Large Scale Applications) is a one-of-a-kind LES-model
that simulates cloud formation with aerosol-driven micro-
physical processes (Tonttila et al., 2017, 2021). The model
employs sectional representation of aerosol and hydrome-
teor microphysics to get size–resolved growth by condensa-
tion and deposition and hydrometeor aggregation rates with-
out employing parametrizations (such as cloud droplet acti-
vation, autoconversion, accretion, and riming). Aerosol size-
composition effects are accounted for using a microphysi-
cal scheme based on aerosol dry particle size and mixing
state. Wet sizes are used to evaluate transitions from aerosol
particles to cloud droplets, or from cloud droplets to rain
droplets in the collision between droplets. Primary ice pro-
duction pathway includes homogeneous ice nucleation, and
heterogeneous ice nucleation includes the immersion, depo-
sition, and contact freezing mechanisms. Ice particles are
treated with a microphysical scheme based on maximum par-
ticle length using the parameterization of ice–phase micro-
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physics of Morrison and Milbrandt (2015). The LES mod-
elling framework applicable to liquid clouds can be found in
Tonttila et al. (2017, 2021), and to mixed-phase clouds in-
volving only primary ice production in Ahola et al. (2020)
and Tonttila et al. (2022).

The ice microphysical scheme is similar to the Predicted
Particle Properties (P3) scheme of Morrison and Milbrandt
(2015) that uses a single ice “free” category to represent
time–evolving ice particle properties based on the concept
of filling in with rime. Ice particles in each size bin have
mass–dimension (i.e. m(D)= αDβ with D equivalent to the
maximum particle dimension) and projected area–dimension
(i.e. A(D)= γDσ ) relationships that vary in time and space
determining their effective density and falling speed in accor-
dance with the prognostic value of the bulk rime mass frac-
tion. The maximum particle length D is determined by com-
parison against critical sizes separating pristine small spher-
ical from dense nonspherical ice, dense nonspherical from
graupel and graupel from partially rimed crystals. Parame-
ters of the m−D and A−D relationships of nonspherical
pristine ice particles are given as model inputs of simulations
(Bühl et al., 2019). In this study, we implemented the change
in the projected area for partially rimed particles using rime
fraction–weighted values of the γ and σ parameters varying
between those of nonspherical pristine ice crystals and those
of spherical graupel. Pristine ice particles are treated as crys-
tals with sectors like branches (P1b).

The immersion freezing mechanism in our simulation is
the primary pathway for ice formation. Their rates are cal-
culated using the parametrization of Savre et al. (2014) that
uses a time–evolving probability density function of the con-
tact angle parameter (i.e. angle formed between liquid water,
the INP surface and the ice embryo during nucleation that
gives a measure of the composition-dependent INP affinity
to the ice embryo; Barahona, 2018). The use of a distribu-
tion allows to account for heterogeneities in surface prop-
erties among a given aerosol population. In our modelling
framework, cloud droplets and raindrops can experience het-
erogeneous freezing via immersion as long as they contain
a volume of insoluble species larger than a threshold value
(e.g. volume equivalent to a sphere of 10 nm in diameter).
The model keeps track of the fraction of nucleated INPs and
uses it to increase the lower limit of the contact angle distri-
bution once the most efficient INPs nucleate ice. The contact
angle distribution is updated every time mixing and entrain-
ment processes replenish the cloud with fresh INPs (Tonttila
et al., 2022).

Production rates of secondary ice particles are modelled as
the product between the ice multiplication factor (IMF) and
the occurrence of SIP events per unit of time. A collision be-
tween two hydrometeors of size Dl and Dm is categorized
as a SIP event if the relative size and phase of interacting
hydrometeors satisfies triggering conditions that depend on
the SIP mechanism. More information about the model treat-
ment given to SIP rates can be found in Sect. S2 of the Sup-

plement. In this study we employed the parameterization of
Hallet and Mossop (1974) and Phillips et al. (2018, 2017b)
modified by Grzegorczyk et al. (2025a) (see Eqs. S5–S6)
to calculate IMF values due to rime splintering (SIP–RS),
droplet shattering (SIP–DS) and ice–ice collisional breakup
(SIP–IIBR). IMF values related to SIP-DS rates include sec-
ondary ice formation during spherical drop freezing or mode
1 and also during collisions of supercooled raindrops with
more massive ice or mode 2, whose representations are sup-
ported by the laboratory studies of Keinert et al. (2020) and
James et al. (2021), respectively. IMF values related to SIP–
IIBR also consider the recent experimental findings of Grze-
gorczyk et al. (2023). There are other IMF parameterizations
available for the SIP–DS and SIP–IIBR mechanisms (e.g.
Lawson et al., 2015; Sotiropoulou et al., 2021) that were
not considered in this study but have been implemented in
UCLALES-SALSA as reported in Table S4.

Parametrizations for IMF and triggering conditions re-
ported in literature vary widely for a single mechanism. Be-
cause these differences affect SIP rates, we have set up a
common set of modeling constraints reported in Tables S1
and S2 in the Supplement. After a secondary ice production
event, secondary ice particles follow a number size distribu-
tion of the power-law typeD−3 withD equal to the hydrom-
eteor size (i.e. diameter or maximum length). Secondary ice
particles are located in ice bins smaller than the hydrometeor
that generates them. In all cases, collision kernels are calcu-
lated using settling velocities that depend on air properties
and diameter in the case of droplets (Beard, 1976), and also
on the crystal habit whose mass-diameter and area-diameter
relationships vary according to the rime fraction in the case
of ice particles (Khvorostyanov and Curry, 2002; Morrison
and Milbrandt, 2015).

A key point for the successful modelling of SIP processes
is to accurately simulate the mass distribution of secondary
ice particles. There is a single laboratory study providing
size distributions for secondary ice particles generated after
graupel-graupel and graupel-snowflake collisions. Although
these distributions described the general trends in fragment
sizes, they are applicable for a very specific subset of hy-
drometeor collisions, and are limited by the low number of
experiments and in the detection of ice fragments with sizes
below 25 to 30 µm (Grzegorczyk et al., 2025a).

In this study, we assumed that the rime splintering mecha-
nism generates single-size ice crystals in the shape of hexag-
onal columns with a maximum length of 10 µm and mass of
3.1227× 10−13 kg. We used the mass-diameter relationship
in Bühl et al. (2019) to calculate the mass of a splinter. We
assumed that the mechanisms of droplet shattering and ice–
ice collisional breakup generate ice crystals that can range in
size from 2 µm to nearly as large as the fragmenting hydrom-
eteor (i.e. supercooled droplet or ice crystal). We distribute
the total number of secondary ice particles NSIP(T ,Dl,Dm)
produced by a collision between two hydrometeors of sizeDl
and Dm between size bins smaller than the fragmenting hy-
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drometeor in such a way that each bin gains the same amount
of mass. This means that secondary ice particle size distribu-
tion follows a D−3-power law distribution with a minimum
fragment size D of 2 µm. This relationship aligns with the
model of fractal crushing used to describe the scale-invariant
low energy fragmentation of brittle materials (Palmer and
Sanderson, 1991; Weiss, 2001; Åström et al., 2021).

This initial size distribution guarantees that secondary ice
particles cover the wide size range observed by airborne in
situ optical and imaging system going from small faceted
ice crystals and single dendrite branches up to fragments of
frozen drops or broken stellar crystals (e.g. Schwarzenboeck
et al., 2009; Korolev and Leisner, 2020). It is also particu-
larly useful to mimic the variety of fragmentation pathways
observed in laboratory experiments during the freezing of
drizzle-size droplets. Droplets of the same size, freezing in
moving air under controlled conditions, can undergo bub-
ble bursting or jetting, cracking, and breakup, sometimes oc-
curring in combination in the same droplet (Leisner et al.,
2014; Lauber et al., 2018; Keinert et al., 2020). It is expected
then that a hypothetical monodisperse population of freez-
ing droplets generates spicules or small ice crystals due to
bubble bursting or jetting, but also large spherical fragments
after breakup.

2.3 Model setup

Simulations were performed in a model domain of 28.8 km
by 28.8 km by 12 km with horizontal and vertical resolution
of 300 and 60 m respectively, and a maximum time step of
1 s. The model domain size was selected based on the surface
area covered simultaneously by the GV and Learjet flights on
5 June 2021 (see Fig. S1). This time interval coincides with
the early stage of the cloud system in which ice multiplica-
tion was observed in the rising cloud tower. Model outputs
were taken every 30 s to follow closely changes in cloud mi-
crophysics. Aerosol and cloud droplet size distributions were
modeled with a sectional representation based on dry diam-
eter ranging from 0.003 to 10 µm across 10 size bins. Cloud
droplets correspond to activated aerosols in the last 7 aerosol
size bins. Rain droplets were represented using 22 size bins
based on wet diameter distributed with a constant volume ra-
tio of 2 with the minimum droplet diameter equal to 20 µm.
Ice particles were represented using 23 size bins based on
maximum length distributed with a constant volume ratio of
3 with the minimum size equal to 2 µm.

Aerosol properties were derived from size distributions
measured below cloud base altitude with the Passive Cav-
ity Aerosol Spectrometer Probe (PCASP-100X) (Heymsfield
et al., 2024). Since these observations corresponded to wet
aerosols, we had to use the relative humidity, temperature and
aerosol hygroscopicity to obtain the size distribution based
on dry size. To do so, we used the kappa factor to account for
aerosol hygroscopicity and resolved the kappa-Köhler equa-
tion (Petters and Kreidenweis, 2007) for each particle size

using the temperature and relative humidity of observations.
We assumed that dry aerosol particles were spherical and
composed of sulphate species and mineral dust in volumet-
ric fractions of 0.901 and 0.099, respectively. This chemical
composition corresponds to a species-based kappa value of
0.5496 that is numerically equivalent to the average hygro-
scopicity parameter kappa derived from Cloud Condensation
Nuclei Counter and Scanning-Mobility Particle Sizer mea-
surements at the ARM station in the Southern Great Plains,
USA performed on 5 June 2021 (Kulkarni et al., 2024).

PCASP-derived dry aerosol distributions measured below
cloud altitude were fitted to a multimodal lognormal distri-
bution and then fed into UCLALES–SALSA. Since the limit
for the smallest particle detected with the PCASP-100X is
125 nm± 5 % (Liu et al., 1992), we added an aerosol mode
to account for sub-micron particles missed during observa-
tions. This particle mode had a geometric mean diameter
of 0.0055 µm in agreement with summer average values re-
ported for the ARM station Southern Great Plains (SGP) and
consistent with frequent events of new particle formation
(Marinescu et al., 2019). The aerosol size distribution used
for model initialization has four particle modes centered at
[0.0055, 0.090, 0.440, 1.05]µm, geometric standard deviation
of [2.8, 1.44, 1.44, 1.42] and total number concentration of
[1085.0, 810.0, 2.48, 4.96] mg−1 at altitudes below 1.2 km.
Based on PCASP observations, we accounted for the vertical
variability in total aerosol loading assuming an exponential
decay function (Eq. 1) between 1.2 and 3.5 km to scale down
the total aerosol number concentration (see Fig. S2).

N (z > 1200m)=N (z < 1200m)exp
(
− 0.05log(z[m])2

− 1.1234log(z[m])+ 16.7735
)

(1)

We used a contact angle distribution centered at 132° with
variance of 20° to account for ice nucleating abilities for min-
eral dust as in Savre et al. (2014). This set of parameters al-
lowed us to match observed ice nucleating particle concen-
trations with ice number concentrations simulated in a sce-
nario that did not consider secondary ice production. Details
about this are presented in Sect. S4 of the Supplement.

Atmospheric properties used for model initialization were
derived from hourly ECMWF–ERA5 reanalyzed data for 05
June 2021 for a horizontal domain of 1° by 1° that encloses
flight trajectories for our selected case (Hersbach et al.,
2024). Temperature and humidity profiles were adjusted to
reproduce the observed cloud base conditions (e.g., altitude,
pressure, and temperature). Atmospheric conditions at higher
altitudes were modified to test different values of convec-
tive available potential energy (CAPE) and equilibrium level
(EL) or level of neutral buoyancy in order to reach the ob-
served cloud top altitude. The optimal sounding is shown
in Fig. 1. Information about the model sensitivity analysis
can be found in Sect. S5, simulation scenarios tested are de-
scribed in Table S3 and atmospheric soundings are presented
in Fig. S4.
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Figure 1. Vertical profile of atmospheric variables in a skew T -
logP diagram including temperature (red) and dew point tempera-
ture (green) profiles as well as the CAPE (red shaded area) and lift-
ing condensation level (LCL, black dot). Conditions correspond to
a CAPE of 763.7 J kg−1 and an equilibrium level (EL) of 318.9 hPa
and −30.2 °C.

Convective buoyancy was emulated adding additional sen-
sible and latent heat to the surface fluxes by means of a Gaus-
sian distribution with a maximum of 600 Wm−2 and a linear
variance of 2000 m around the domain center. Surface fluxes
were increased 1 h after the beginning of the simulation to
initiate convection.

2.4 Model-observation comparison methodology

The comparison focuses on observations taken between
19:55 and 20:15 UTC during cloud penetrations into updraft
cores with the presence of liquid water. During this time in-
terval, both flights examined the same system of ascending
cumulus congestus towers as shown in Fig. S1 of the Supple-
ment. Cloud penetration in the GV flight covered conditions
from below cloud base altitude up to 3.5 km. Cloud pene-
trations in the Learjet flight went as deep as 300 m below
the cloud top altitude where the temperature reached a min-
imum of 255.6 K. While ice number concentrations (INC)
were as high as 2351 L−1, number concentrations of ice nu-
cleating particles (INP) only reached a maximum of 1 L−1 at
255.1 K indicating that secondary ice production was active
and responsible for the ice concentration in updraft cores.
Images taken with the Cloud Particle Imager (CPI) and the
Optical Array Probe (OAP) during the Learjet cloud pene-
trations showed pieces of fragmented frozen drops coexist-

ing with 100–300 µm stellar dendrites and hexagonal plates
ice crystals likely formed from monocrystalline ice particles
(Lawson et al., 2023b). The profuse amount of small colum-
nar particles and the presence of fragmented frozen drops
in measurements from the CPI and OAP imaging systems,
combined with the occurrence of high reflectivity regions in
Ka-band Doppler radar profiles characteristic of large wa-
ter drops, support the hypothesis that the droplet shattering
was mainly responsible for the observed ice multiplication
(Lawson et al., 2023b). The coexistence of fragmented frozen
droplets and small ice crystals of around 100 µm in maximum
length was also observed at 256.25 K in young convective
updrafts of cumulus congestus during the RF06 flight of the
SPICULE campaign (Patnaude et al., 2025).

It is extremely challenging to determine the exact size and
shape of freshly generated secondary ice particles by labo-
ratory experiments or airborne in situ observations. It is ex-
pected that secondary ice particles vary across a wide range
of sizes and shapes reflecting not only the nature of the ice
fracturing mechanism but also the changes induced by their
growth after water vapor deposition. Using airborne in situ
observations, Korolev et al. (2020) found that small faceted
ice crystals with sizes smaller than 100 µm can be used as
tracers of SIP events. A small secondary ice particle is likely
to be monocrystalline (e.g. as fragments of frozen drops or
dendrite branches) (Korolev and Leisner, 2020) that can re-
grow by water vapor deposition to acquire the crystal habits
of pristine ice particles. Small secondary ice particles can
have shapes that go from plates to long columns depending
on the residence time, temperature and ice supersaturation
conditions in the environment where they were originated.

Observations were grouped by altitude and temperature to
simplify their graphical representation in comparison plots.
Model outputs were conditionally sampled selecting only
grid points with a liquid water content (LWC) greater than
the threshold value of 0.01 g m−3 and vertical wind (w-wind)
stronger than 0.02 ms−1 to be consistent with the analy-
sis of observational data during cloud penetrations. When
observations indicated mixed phase conditions, we consid-
ered an additional constraint on the ice water content (IWC)
above a threshold value of 0.001 g m−3. To compare hydrom-
eteor size distributions, we selected cloudy grid points of the
model layer with the closest agreement between the modeled
and observed temperature.

3 Results

We compared results from simulation scenarios that were ini-
tialized in the same way but accounted for different ice pro-
duction mechanisms. In the SIP-OFF scenario, ice produc-
tion was solely driven by the immersion freezing mechanism
via ice nucleating particles (i.e. only primary ice production).
The SIP-ON scenario additionally included ice production
from the secondary mechanisms of rime splintering, droplet
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shattering (mode 1 and mode 2 of Phillips et al., 2018) and
ice–ice collisional breakup. In this way, the differences be-
tween scenarios reflect changes in cloud dynamics triggered
by the occurrence of secondary ice production processes.

Based on the observational evidence from CPI and OAP
images discussed earlier, we ran two simulations: one con-
sidering only the SIP mechanism of droplet shattering, and
another that also included the rime-splintering mechanism.
These simulations showed good agreement between mod-
eled and observed droplet size distributions guaranteeing a
realistic onset for the production of secondary ice from su-
percooled droplets. However, SIP-DS rates alone or with or
SIP-RS contributions could not reproduce the observed ice
enhancement in the SPICULE-RF04b case. Ice enhancement
in these conditions required the synergistic action of multiple
SIP mechanisms. Once we added the mechanism of ice–ice
collisional breakup to the previous scenarios, SIP rates in-
creased allowing closure between modeled and observed ice
number concentrations (observations from the Learjet flight
reported in Table 4 and Fig. 10 of Lawson et al. (2023b) also
shown here in Fig. 5). For the sake of completeness, we in-
clude here only the results from the simulation involving the
three SIP mechanisms referred to as the SIP-ON scenario. A
summary of the results from other scenarios is included in
Section S5 of the Supplement, vertical profiles of SIP rates
per mechanism are compared in Fig. S5.

3.1 SIP effects on cloud development and geometry

During the simulation time, SIP processes caused small
changes in the cloud base conditions. The average cloud base
altitude in our simulations was 1498 and 1326 m with tem-
peratures of 288.1 and 289.1 K, in the SIP-ON and SIP-OFF
scenarios respectively. Both agree reasonably well with the
observed altitude and temperature of 1180 m and 290.65 K
(Lawson et al., 2023b). The variability in modeled cloud base
conditions should not be interpreted as model uncertainty.
Differences in the cloud base altitude and temperature re-
flected the cloud dynamical response along the simulation,
in particular the changes related to surface precipitation with
stronger rates in the SIP-ON scenario.

The extent of the deep convective core was calculated
adding up those grid cells with total water path (TWP) above
a threshold value of of 1500 g m−2. In both simulation sce-
narios, time series of the convective system area evolved sim-
ilarly with minimal differences. At the beginning, just 10 min
after we increased surface turbulent fluxes to induce convec-
tion, our simulations showed the development of individual
convective cells of approximately 1000 m of diameter cover-
ing an area of 1.7 km2. 30 min later, when the total water path
has reached a global maximum of 20 000 g m−2, the convec-
tive area has grown to be 9.45 and 10.17 km2 in the SIP-OFF
and SIP-ON scenarios, respectively. This continued to reach
maximum values of 16.7 and 17.3 km2 at 60 min.

Despite these commonalities between simulation scenar-
ios, once the deep convective core had risen above freezing
level, SIP processes caused noticeable changes in cloud ge-
ometry, phase structure and microphysics, particularly at the
mixed-phase cloud section. Figure 2 depicts the total water
path (TWP), cloud top altitude and ice water path (IWP) in
the deep convective core (i.e. model columns with the high-
est TWP values) and reflect the pulsating growth habit that
is characteristic of cumulus clouds. During the convective
initiation stage, cloud tower conditions in the SIP-ON sce-
nario corresponded to higher total water contents (Fig. 2a)
and higher altitudes (Fig. 2b) with the cloud phase shifted
towards ice due to higher ice water content values (Fig.2c).
Peaks in TWP are indicative of convection intensity and can
be characterized by its occurrence time and duration. The
SIP-ON scenario showed taller and wider peaks suggesting a
slower weakening of the convection intensity along the sim-
ulation compared to the SIP-OFF scenario. 50 min after con-
vection initiation, there was a reduction in TWP values due
to surface precipitation. It was noticeable that the SIP-OFF
scenario did not produce as much ice as the SIP-ON scenario
after 60 min.

Secondary ice processes in the SIP-ON scenario not only
affected the cloud geometrical thickness and cloud top con-
ditions, they also affected the liquid and ice water content
profiles. For example, Fig. 3 compares the variability in mod-
eled and observed vertical profiles of liquid water content in
updraft cores. Modeled mean values are represented together
with the main percentiles of the variable distribution, while
observations are represented with mean and standard devi-
ations. The spatial heterogeneity of mixed-phase conditions
along the model domain agreed with the variability observed
during different cloud penetrations. The distribution of liq-
uid water in updraft cores in the mixed-phase region (i.e. be-
tween freezing level and cloud top) was better represented in
the SIP-ON scenario. Although, the differences in the LWC
vertical profiles of the SIP-OFF and the SIP-ON scenarios
were minimal in the warm section between cloud base and
2.5 km of altitude, they increased at higher altitudes and be-
came particularly important above 3.5 km in the proximity
of the freezing level located approximately at an altitude of
4 km. Differences in the mean LWC values of the SIP-ON
scenario compared to the SIP-OFF scenario can be grouped
in three trends, slightly lower liquid water contents in the
warm cloud section (i.e. between 3 and 4 km), higher liquid
water content at the beginning of the mixed phase part of
cloud tower (i.e. between 4 and 6 km) and lower liquid water
content at the tower top (i.e from 6 up to 8.5 km).

3.2 SIP effects on cloud microphysics

Modeled droplet size distributions in cloudy updrafts agreed
with in-cloud observations from several instruments as
shown in Fig. 4. Modeled and observed droplet size distribu-
tions were conditionally sampled to represent cloudy condi-
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Figure 2. Variability in cloud properties in simulation scenarios without and with secondary ice processes. (a) Total water path. (b) Cloud
top altitude. (c) Ice water path. Scatter points correspond to the twenty tallest cloud columns in the model domain per simulation output.

Figure 3. Vertical profile of liquid water content in updrafts with cloudy conditions. The variability in model outputs is depicted using the
mean and main percentiles values while observations are shown as the mean ± standard deviation for measurements with the Fast Cloud
Droplet Probe in the GV-flight (GV-CDP) and with the SkyPhysTech Nevzorov Probe in the Lear35 flight (Lear-Nev). (a) Simulation scenario
without secondary ice processes. (b) Simulation scenario with secondary ice processes including rime splintering (RS), droplet shattering
(DS) and ice–ice collisional breakup (IIBR).

tions in convective updrafts (i.e. LWC> 0.01 g m−3 and up-
draft velocity> 0.02 m s−1). Each modelled size distribution
in Fig. 4 is from the layer where the temperature was closest
to observed values. Figure 4 displays the variability in droplet
size distributions in the warm cloud section. Observed and
modeled binned droplet number concentrations for droplet
sizes above 20 µm in diameter are in agreement. This sug-
gested that the model captured well the liquid droplet growth
processes. In both scenarios, the model showed a system-
atic negative deviation in droplet number concentrations for
droplets with diameter below 10 µm that was more relevant
at 3.5 km as shown in Fig. 4c. It is difficult to point out if the

cause of this deviation is related to our modelling treatment
for droplet activation or limited resolution to capture possi-
ble activation in the entrainment process at cloud edges, or
if the FCDP was falsely registering droplets in the smallest
channels as indicated by Lawson et al. (2023b).

In terms of the secondary ice production effects at cloud
base altitude, the average droplet size distribution in updrafts
for droplets with diameter below 100 µm did not change be-
tween the SIP-OFF and the SIP-ON scenarios as seen in
Fig. 4a. At higher altitudes, average droplet size distributions
changed progressively with increasing altitude indicating a
reduction in binned number concentrations of droplets with
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Figure 4. Droplet size distributions in updrafts at the following altitudes (a) cloud base, (b) 1 km above cloud base, (c) 500 m below
freezing level. Observations are shown as mean values with error bars going from the 50th to the 99th percentile and labeled according to
the nomenclature described in Table S1. Modeled values are shown as mean horizontal values with dotted lines along size bins indicating
variability across cloudy points with LWC> 0.01 g m−3 and updraft velocity> 0.02 m s−1.

diameter above 50 µm or below 10–15 µm as seen in Fig. 4b
and c. These claims were also valid for other altitudes as
shown in Figs. S6–S8. UCLALES-SALSA has also showed
good performance reproducing observed droplet size distri-
butions in stratocumulus clouds (Calderón et al., 2022).

Figure 5 compares modeled and observed hydrometeor
size distributions at high altitudes inside cloud turrets. Since
the only source of ice particles in the SIP-OFF scenario was
the immersion freezing mechanism, we considered that mod-
eled ice number concentrations were directly proportional to
primary ice production rates and reflected background ice
concentrations given by INPs. The differences in binned ice
number concentrations between the SIP-ON and the SIP-
OFF scenarios indicated ice multiplication effects of up to
three orders of magnitude. Beyond, the modelled ice size dis-
tributions in the SIP-ON scenario overlapped very well with
the ones observed at different altitudes. This indicated that
the model was able to capture both the changes in number
and also size of ice particles giving support to the modelling
treatment used to describe the size distribution of freshly
generated secondary ice particles. Ice particle number con-
centrations per size bin varied by more than an order of mag-
nitude suggesting that the variability in convective intensity
was an important factor driving the occurrence of SIP events
via hydrometeor collisions.

Besides the reproduction of the ice multiplication effects,
the model gave also a close description of the droplet size dis-
tribution in the drizzle–rain droplet size range. SIP processes
reduced number concentrations of droplets larger than 50 µm
in diameter due to their participation in SIP events via colli-

sions with ice particles during droplet shattering (i.e. a limit
of 50 µm was selected for effective droplet fragmentation fol-
lowing experiments; Wildeman et al., 2017). This reduction
increased at higher altitudes where the temperature was fa-
vorable for ice multiplication via droplet shattering (Phillips
et al., 2018). Droplets above 50 µm in diameter can also par-
ticipate in SIP events by rime splintering but IMF values are
minimal outside the optimal temperature range of 265–270 K
of SIP–RS.

3.3 SIP effects on cloud phase structure

SIP processes affected cloud dynamics in such an impact-
ful way that it is impossible to convey temporal and spatial
differences between the SIP-OFF and SIP-ON scenarios in
two-dimensional graphical representations. First, we focus
on the time interval before the cloud reached the strongest
peak in convection intensity developing a distinctive cloud
tower or turret, until the time instance at which simulations
scenarios started to deviate substantially from each other in
terms of thermodynamic cloud phase and cloud extent (i.e.
between 40 and 50 min after convection initiation). Second,
although these changes affected the entire three-dimensional
cloud structure, for the sake of simplicity, we focus on the
two-dimensional space enclosing the model column with the
highest TWP value, which in turn shows the conditions that
are representative of the deep convective core.

We have chosen the time instances of 40, 43 and 46 min
to follow the changes in the vertical profiles of LWC and
IWC in correlation with changes in the vertical wind and
SIP rates. Figure 6a, c compares liquid water contents at

https://doi.org/10.5194/acp-25-14479-2025 Atmos. Chem. Phys., 25, 14479–14500, 2025



14488 S. M. Calderón et al.: Insight into secondary ice formation in cumulus congestus clouds

Figure 5. Ice particle size distributions in updrafts at altitudes of (a) 2.6 km above freezing level (b) 3.2 km above freezing level (c) 400 m
below cloud top. Observations were taken from Fig. 10 in Lawson et al. (2023b). Modeled values are shown as mean horizontal values
with dotted lines along size bins indicating variability across cloudy points with mixed-phase conditions defined as LWC> 0.01 g m−3,
IWC> 0.001 g m−3 and updraft velocity> 0.02 m s−1.

40 min after convection initiation indicating larger values
above freezing level for the SIP-ON scenario (i.e. wider area
with TWC> 3.5 g m−3). It was at this time instance when
IWC values overpass the threshold (i.e. IWC> 0.001 g m−3)
even the cloud top had reached freezing conditions 5 min ear-
lier. Areas containing ice are depicted in Fig. 6b, d. Rates
of secondary ice production were observed at the top of the
cloud turret with effects over larger areas and higher rates for
the mechanism of droplet shattering compared to the rime
splintering as shown in Fig. 7.

These findings are consistent with those from in-cloud ob-
servations in two different ways. First, the temperature at
which ice formation started in the SIP-OFF scenario is con-
sistent with the ice nucleating abilities observed for aerosol
particles collected during our case study (i.e. INP concentra-
tions were measurable below 259.15 K, see Fig. S3) (Lawson
et al., 2023b). Second, the mechanism of droplet shattering
was active at the tallest and coldest point of the cloud turret
indicating that there were collisions between ice particles and
supercooled droplets with diameter above 50 µm at 258.15 K
(i.e. these are limiting conditions of SIP events by this mech-
anism in our modelling framework). This agrees with the first
detected presence of large frozen droplets at 259.15 K during
cloud penetrations (Lawson et al., 2023b).

With the formation of secondary ice particles, the num-
ber of droplet–ice collisions rapidly increased leading to
substantially higher SIP rates along the entire mixed-phase
zone and not only at the cloud top as shown in Fig. 7d–f.
There is an enhancement in turbulent mixing driven by la-
tent heat released during ice-related processes (i.e. droplet
freezing, riming, vapor deposition through the Weneger–
Bergeron–Findeisen process). As ice number concentrations
increased, the rates of riming and ice–ice aggregation pro-

cesses increased leading to larger ice particles, which in
turn triggered the ice–ice collisional breakup (i.e. as early
as 41 min). At the time instance of 43 min, SIP–IIBR rates
were higher than SIP–RS and SIP–DS rates, suggesting the
presence of large rimed ice particles that have the highest
ice multiplication factors in the parametrization of Phillips
et al. (2017b)–Grzegorczyk et al. (2025a). The combined ef-
fects of all SIP mechanisms shifted the phase structure from a
liquid–dominated mixed-phase zone in the SIP-OFF scenario
to a ice–dominated one in the SIP-ON scenario as shown in
Fig. 8. The corresponding changes in LWC and IWC profiles
are included in Fig. S9.

At the peak of convection intensity in the SIP-ON scenario
(46 min after convection initiation), the SIP-IIBR mecha-
nism was active across the mixed-phase zone, while other
SIP mechanisms are constrained to smaller areas as shown
in Fig. 7g–i. The mixed-phase zone in the SIP-ON scenario
was almost completely glaciated with only a few areas indi-
cating the existence of liquid water as seen in Fig. 8c–d. At
this time instance, the SIP-OFF and SIP-ON scenario showed
contrasting clouds not only in terms of total water content
and thermodynamic cloud phase but also in cloud geometri-
cal thickness and cloud top conditions. In the SIP-ON sce-
nario, the warm section of the deep convective core (i.e. area
with TWC> 3.5 g m−3 at lower altitudes) was smaller but
more densely loaded with liquid water in the proximity of the
freezing level, suggesting an important role of the ice melt-
ing process. The mixed-phase zone in the SIP-ON scenario
not only had higher total water content but also was stretched
vertically, reaching higher altitudes and lower cloud top tem-
peratures. With more water displaced towards upper levels,
we expect to see changes in the development of precipitation
via ice particles (see Figs. S10 and S11).
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Figure 6. Vertical profile of liquid water content (LWC) and ice water content (IWC) at 40 min after convection initiation. Contour lines in
gray indicate Total Water Content (TWC) values of 0.01 and 3.5 g m−3 to enclose cloudy and core conditions. Continuous black lines indicate
altitudes at which temperatures are 273.15 and 265.15 K corresponding to freezing and maximum ice multiplication by rime splintering,
respectively. (a–b) Simulation scenario without secondary ice processes. (c–d) Simulation scenario with secondary ice processes.

3.4 SIP effects related to convective invigoration

The SIP-ON scenario showed a distinctive signal of stronger
convective uplift that increased the supercooled water con-
tent of the mixed-phase cloud section expanding the mixed-
phase zone and triggering glaciation of the mixed-phase
zone. This set of cloud dynamic responses aligns with the
concept of invigoration, which is defined as an increase in
the vertical wind speed of convective updrafts (Varble et al.,
2023) due to a net buoyancy gain due to changes in tem-
perature, water vapor and water condensate mass or changes

in vertical pressure gradients (Marinescu et al., 2021). The
concept of invigoration was formulated to explain aerosols
effects in deep convective clouds exposed to higher CCN
concentrations that end up with higher droplet number con-
centrations and smaller droplet sizes. The mechanisms lead-
ing to stronger updrafts are not firmly established but have
been linked to enhancements in thermal buoyancy due to
latent heat release. Depending on which process is respon-
sible for more latent heating, deep convection can be in-
tensified by warm–phase invigoration when higher cloud
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Figure 7. Vertical profile of secondary ice production rates at 40, 43, and 46 min after convection initiation in the SIP-ON scenario. Contour
lines in gray indicate Total Water Content (TWC) values of 0.01 and 3.5 g m−3 to enclose cloudy and core conditions. Continuous black
lines indicate altitudes at which temperatures are 273.15, 265.15 and 258.15 K corresponding to freezing, maximum ice multiplication by
rime splintering and by droplet shattering, respectively. (a, d, g) SIP mechanism of rime splintering (RS) (Hallet and Mossop, 1974), (b, e, h)
SIP mechanism of droplet shattering (DS) (Phillips et al., 2018), (c, f, i) SIP mechanism of ice–ice collisional breakup (IIBR) (Phillips et al.,
2017b; Grzegorczyk et al., 2025a).

droplet number concentrations lead to faster condensation at
the lower part of the DCC, or by mixed-phase invigoration
when smaller droplet sizes suppress drizzle formation allow-
ing more cloud liquid water to be lifted higher in the mixed-
phase region where droplets freeze(Marinescu et al., 2021;
Fan et al., 2022). In both cases, the invigoration of convec-
tive updrafts requires an increase in positive buoyancy from

latent heat that can surpass the negative buoyancy caused by
a greater condensate loading (Cotton, 2024). More recently,
it has been hypothesized that these CCN–induced changes on
droplet size distributions can also trigger additional changes
in rates of riming, primary and secondary ice production (Ko-
rolev et al., 2017; Fan et al., 2022; Varble et al., 2023).
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Figure 8. Vertical profile of mixed-phase conditions represented by the cloud phase partitioning factor αiw =
IWC
TWC and total water content

(TWC) at 43 and 46 min after convection initiation. Contour lines in gray indicate Total Water Content (TWC) values of 0.01 and 3.5 g m−3

to enclose cloudy and core conditions. Continuous black lines indicate altitudes at which temperatures are 273.15, 265.15 and 258.15 K
corresponding to freezing, maximum ice multiplication by rime splintering and by droplet shattering, respectively. (a–d) Simulation scenario
without secondary ice processes. (e–f) Simulation scenario with secondary ice processes.

Figure 9. Vertical profile of updrafts in cloudy conditions. The variability in model outputs is depicted using the mean and main percentiles
values while observations are shown as the mean ± standard deviation for measurements with the Aircraft-Integrated Meteorological Mea-
surement System (AIMM-20) GV-WIY in the GV flight and Lear-VaV in the Lear35 flight. (a) Simulation scenario without secondary ice
processes. (b) Simulation scenario with secondary ice processes.

Our findings support this hypothesis because SIP also
worked as a driving force for convective invigoration increas-
ing the updraft strength in the mixed-phase region as shown
in Fig. 9. While the modeled and observed distributions of
updrafts varied similarly in the warm cloud section with min-
imal differences between the SIP-OFF and the SIP-ON sce-

nario, SIP increased modeled mean values and percentiles
above the freezing level, in particular at altitudes between
4 and 6 km where temperatures were optimal for the occur-
rence of SIP by droplet shattering and rime splintering. With
this increase in vertical wind velocity in the mixed-phase re-
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gion, the SIP-ON scenario provided better agreement with
the observed updrafts than the SIP-OFF simulation.

To explore thoroughly the nature of the SIP-induced invig-
oration, it is necessary to quantify possible shifts in the distri-
butions of vertical wind velocity given by the two simulation
scenarios. However, all conclusions derived from a time in-
stance comparison must be carefully interpreted since invigo-
ration effects may not impact instantaneously the cloud prop-
erties. Instead, the time delay of the dynamic cloud responses
depends on which process dominates the buoyancy balance.
Also, SIP effects related to invigoration may not be sus-
tained because as the cloud experiences glaciation, the neg-
ative buoyancy related to condensate loading may become
high enough to cancel or overpass the positive buoyancy due
to enhanced phase transitions. It is also relevant that once the
cloud dynamics of the two simulation scenarios (SIP-ON and
SIP-OFF) has departed from each other, it is meaningless to
make a one-to-one comparison in time and space since the
cloud extent changes drastically due to precipitation, for ex-
ample. A definite bifurcation in cloud dynamics from simula-
tion scenarios occurred at the time instance of 50 min when
the SIP-OFF scenario indicated surface precipitation and a
noticeable reduction in cloud extent. Before that, the diver-
gence between cloud fields was localized and clouds had very
similar boundaries as seen in Figs. S9–S11 of the Supple-
ment.

As an example of the spatial variability in vertical wind ve-
locities, we compare in Fig. 10 the wind fields corresponding
to the thicker cloud column at the selected time instances. We
used a divergent colormap to visualize better areas of posi-
tive and negative buoyancy in connection with water uplift or
condensate loading dominant–effects. At 40 min we can see
in Fig. 10a–b how there were minimal differences in the up-
draft/downdraft distribution, but once SIP rates increased at
43 min, the mixed-phase region showed stronger updrafts in
areas affected by SIP that correlate well with the profiles of
SIP rates shown in Fig. 7d–f particularly in the cloud top sec-
tion where the ice–ice collisional breakup was the dominant
SIP mechanism. At 46 min, the SIP-OFF and SIP-ON scenar-
ios had very different structures of vertical velocity as it can
be seen in Fig. 7e–f. Unlike before, areas with with active SIP
mechanisms showed weaker updrafts at temperatures below
265.15 where the cloud phase was more glaciated with higher
total water contents as seen in Fig. 8d. This suggested that the
updraft strengthening requires that the thermal buoyancy can
oppose and surpass the condensate loading buoyancy, some-
thing that is feasible just at the beginning of the glaciation
when the condensate mass is low and there is latent heating
from both, liquid water freezing and depositional growth of
fresh secondary ice particles. When such conditions are ful-
filled, secondary ice formation leads to mixed-phase invigo-
ration which in turn enhances the cloud vertical development
causing differences of up to 600 m in the cloud top height as
seen in Fig. 10e–f.

Figure 10. Profile of the vertical component of the wind veloc-
ity at 40, 43 and 46 min after convection initiation. Contour lines
in gray indicate Total Water Content (TWC) values of 0.01 and
3.5 g m−3 to enclose cloudy and core conditions. Continuous black
lines indicate altitudes at which temperatures are 273.15, 265.15
and 258.15 K corresponding to freezing, maximum ice multiplica-
tion by rime splintering and by droplet shattering, respectively. (a)
Simulation scenario without secondary ice processes. (b) Simula-
tion scenario with secondary ice processes.

3.5 Glaciating mechanism via secondary ice production

The SIP-ON scenario depicted the rapid glaciation of the
mixed-phase cloud section in a short time period of about
5 min. The phase transition followed the chain-reaction type
mechanism driven by ice multiplication that has been known
since the 1960s, when Koenig (1963) proposed it to explain
the rapid metamorphosis of the phase structure in young cu-
mulus congestus clouds. Based on an insightful analysis of
observed cloud microphysics, the mechanism explains how
clouds having a scarce presence of ice nucleating particles
and supercooled liquid tops with rain-sized droplets (i.e.
1 mm in diameter at concentrations of 50 m−3) are able to
develop high ice number concentrations because of the auto-
catalytic role played by small ice particles generated during
the freezing of drops. Since then, there have been numerous
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field campaigns collecting evidence of this glaciation mech-
anism (e.g. Lawson et al., 2015, 2017, 2022b, 2023b).

This research provides a detailed process-level descrip-
tion of the glaciating mechanism validated by a good model
closure of observed cloud microphysics in both, the warm
and mixed-phase cloud sections. The stages of SIP-induced
glaciating mechanism is shown in Fig. 11 using horizontal
average cloud properties along the time interval where sec-
ondary ice production occurred. As show already in Fig. 8,
there was appreciable horizontal variability in the phase mix-
ing.

Keeping the analogy between a chemical reaction and
a secondary ice production event as collision-driven pro-
cesses, we included the rates of secondary ice production per
mechanism to quantify the process velocity and duration in
Fig. 11a–c. In Fig. 11d–e, we included the integral diameter
or first moment of the size distributions for rain droplets (i.e.
DN (D) for droplets with sizes between 150 µm and 2 cm)
and ice particles to quantify the effective presence of reagents
and products. The progress of glaciation was followed us-
ing the cloud phase partitioning factor αiw (i.e. ratio between
IWC and TWC) in Fig. 11f. We included a contour plot to
account for temperature effects included in the parameteriza-
tion of ice multiplication factors (IMF).

The glaciation started at 40 min after convection initia-
tion with minimal presence of ice particles in the average
cloud field due to INP-limited primary ice formation. At this
time instance, secondary ice production by droplet shattering
(SIP–DS) was the only one active with rates above 5 m−3 s−1

at altitudes between 5.6 and 6.1 km with temperatures vary-
ing between 262 and 265 K as shown in Fig. 11b. Higher
rates of SIP–DS were reached when the integral diameter of
rain droplets was above 3.5 mmL−1.

For the next 2 min (i.e. 40–42 min), the secondary ice par-
ticles increased the number of droplet–ice collisions work-
ing catalytically to boost the rates of the droplet shattering
mechanism up to a maximum of 774 m−3 s−1. They also trig-
gered SIP events by the rime-splintering and ice–ice colli-
sional breakup but at much lower rates. The integral diame-
ter of ice particles increased along the vertical cloud domain
expanding the mixed-phase zone and increasing the IWC to
TWC to a maximum ratio of 0.18.

With an increasing number of secondary ice particles, su-
percooled droplets were rapidly depleted. This is when the
size distribution of freshly generated secondary ice particles
played an important role on the cloud glaciation. After a se-
ries of droplet shattering events, the droplet population would
have generated a number of of small ice crystals but also
a fraction of large ice fragments. Since these secondary ice
particles spread over a wide range of sizes, they have an im-
pact over a larger number of microphysical processes. Small
ice particles will trigger more droplet–ice collisions that will
lead to droplet shattering and rime splintering events. Large
ice particles will increase not only the riming rates due to
collisions with smaller droplets, but also the occurrence of

droplet shattering via mode 2 (i.e. accretion of rain drop by a
more massive ice particle) (Phillips et al., 2018).

After 43 min, these processes had modified both the
droplet and ice size distributions. While the integral diam-
eter of rain droplets decreased, the integral diameter of ice
particles increased rapidly in correlation with SIP rates of
the ice–ice collisional mechanism (SIP–IIBR) that reached a
maximum of 5300 m−3 s−1. The thermodynamic phase in the
mixed-phase cloud section became dominated by ice.

At 50 min, SIP rates of all three mechanisms decreased be-
low 5 m−3 s−1. Once the ice size distribution had shifted to-
wards larger sizes, rapidly falling large ice particles collected
slowly settling supercooled drizzle droplets limiting droplet
growth in ascending updrafts (Cotton et al., 2010). This is an
essential step in the precipitation formation via ice-phase.

Due to the pulsating growth habit of cumulus clouds, an-
other short time rounds of SIP events started at 53 and 60 min
but with lower rates for all mechanisms due to smaller values
of the integral diameter of rain droplets. The weakening of
SIP rates suggested that once precipitation was initiated via
ice-phase, cloud dynamics were dominated by it and the ini-
tial conditions that trigger the positive-feedback of ice mul-
tiplication became impossible to reach.

3.6 SIP effects on precipitation formation

The timeline of events related to secondary ice produc-
tion indicated the rapid transformation of supercooled large
droplets into large ice particles of graupel–type, an es-
sential process for the enhancement of rainfall rates and
accumulated precipitation as found in cloud hygroscopic
seeding experiments (Cotton, 2024). We can identify SIP-
induced changes in the size of precipitating droplets below
cloud base comparing the SIP-OFF and SIP-ON scenarios as
shown in Fig. 12. Below cloud base, secondary ice produc-
tion caused differences in droplet number concentrations for
droplets with diameter above 100 µm. These differences in-
dicated that SIP had an important influence on the collision–
coalescence processes that progressively lead to a narrower
droplet size distribution with higher number concentrations.
These changes cannot be studied using the average size dis-
tribution, they must be analyzed in correlation with the sim-
ulation time. We have divided the simulation time in two
hourly periods to account for different SIP effects in num-
ber concentrations of drizzle-sized droplets at an altitude of
1.17 km in the proximity of the cloud base. The first one
comprises the SIP-active period that ended at 60 min after
convection initiation (i.e. rates above 5 m−3 s−1) are shown
in Fig. 12a–b, while the second period corresponded to the
next simulation hour as shown in Fig. 12c–d. To understand
how changes in the droplet spectrum affected the formation
of precipitation, we have included contour plots of cumula-
tive precipitation in Fig. S14 corresponding to the same time
periods.
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Figure 11. Timeline of cloud properties related to secondary ice production in the SIP-ON scenario. (a) Rate of secondary ice production
by rime splintering (SIP–RS). (b) Rate of secondary ice production by droplet shattering (SIP–DS). (c) Rate of secondary ice production by
ice–ice collisional breakup. (d) Integral diameter for droplets withDd> 150 µm. (e) Integral diameter for ice particles with maximum length
larger than 2 µm. (f) Ratio of IWC to TWC. All properties represent horizontal averages in cloudy points which may lead to overestimation
in cloud edges.

Changes in the early phase of precipitation development
depicted in Fig. 12a–b indicated that both simulation scenar-
ios began with a very similar droplet size distribution (DSD)
that was narrow with a peak at a droplet diameter of 1 mm.
Around the 50 min time instance, just 10 min after SIP started
in the SIP-ON scenario, there was an increase in number con-
centrations for all droplet sizes below 4 mm in diameter, but
a noticeable reduction in number concentrations for droplets
above this value. By 48 min, the SIP-IIBR mechanism had
already established itself as the dominant secondary ice pro-
duction pathway. Consequently, the positive feedback associ-
ated with the SIP-DS and SIP-IIBR mechanisms is expected
to have substantially reduced the number concentration of
raindrops, compared with the higher concentrations main-
tained in the SIP-OFF scenario. The droplet size distribution
in the SIP-ON scenario became narrower with higher con-
centrations of millimeter-sized droplets compared to that of
the SIP-OFF scenario. Since these differences balanced out,
there were indistinguishable changes in the domain-average
cumulative precipitation shown in Fig. S12a–b. The droplet
size distribution in the SIP-ON scenario was closer to ob-
servations, but the degree of agreement is strongly affected
by differences in the time resolution and spatial coverage of
observations and model outputs. While DSD observations in
the rain droplet size range correspond to a time period of 15 s,
model outputs were taken every 30 s and averaged around the
horizontal model domain. The total area in the model domain
enclosing cumulative precipitation values larger than 1 mm
increased slightly due to the time delay in the sedimentation

and melting of large ice particles generated in the mixed-
phase zone (e.g. a 1 mm droplet falling 4.5 ms−1 undisturbed
in a line trajectory will take 11 min to descend from the 4 km
melting altitude to cloud base at 1 km).

Changes in DSD occurring in the later stage depicted in
Fig. 12c–d were more drastic compared to those detected
earlier. In the SIP-ON scenario there was a noticeable re-
duction in number concentration of droplets smaller than
500 µm that correlated positively with increasing number
of millimeter-size droplets. With copious amounts of larger
droplets, the distribution of surface precipitation rates moved
up to higher probabilities for modest precipitation rates be-
low 20 mmh−1 as shown in Fig. 13a. This caused a relative
increase of 26 % in the domain-mean cumulative precipita-
tion as shown in Fig. 13b as well as a relative increase of
15.6 % in the area with cumulative precipitation values larger
than 1 mm (see Fig. S12c–d). Once ice multiplication ended
leaving the mixed-phase section almost depleted from liquid,
it takes more time for small secondary ice particles to grow,
fall and melt and therefore, their influence on precipitation
rates comes with a time delay. This explained the stretching
of the higher cumulative precipitation area along the trajec-
tory followed by the moving deep convective core. Liquid
and solid precipitation rates in the deep convective core are
described in Figs. S13 ans S14.

With the exception of our study and the one by (Sullivan
et al., 2018), the majority of cloud modelling studies about
SIP-induced effects on precipitation have found significant
reduction of instantaneous and cumulative rates at surface
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Figure 12. Temporal variation of droplet size distributions below cloud base at an altitude of 1.05 km compared to droplet size distributions
derived from the High Volume Precipitation Spectrometer (HVPS3) measured at 1.03 km. Modeled outputs were represented using average
size distributions in cloudy points. Distributions are color coded to follow the simulation time after convection initiation. (a) SIP-OFF
scenario in the first simulation hour. (b) SIP-ON scenario in the first simulation hour. (c) SIP-OFF scenario in the second simulation hour.
(d) SIP-ON scenario in the second simulation hour.

Figure 13. SIP effects on precipitation formation. (a) Histograms for precipitation rates at surface level during the simulation time of
120 min. (b) Domain-mean cumulative precipitation with 95 % confidence interval.

level (e.g. Phillips et al., 2017a; Hoarau et al., 2018; Han
et al., 2024; Grzegorczyk et al., 2025b, c).

4 Conclusions

There were distinguishable differences between cloud dy-
namics from simulations with and without considering sec-
ondary ice production (SIP) despite being initialized in ex-
actly the same way. The occurrence of SIP increased the
cloud top height and total water content at the peak of

convection intensity during the glaciation of cumulus tow-
ers. Also, SIP events produced an enhancement of ice–
related processes involving water phase transitions and pos-
itive buoyancy generation shifted the updraft distribution to-
wards higher values suggesting that SIP also produces con-
vective invigoration.

The model was able to reproduce the observed droplet
size distributions for the warm cloud section, both with and
without secondary ice processes. However, ice size distri-
butions were reproduced only by the SIP-ON scenario and
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when the mechanism of ice–ice collisional breakup was com-
bined with droplet shattering. The rime splintering mech-
anism was active but showed a weaker influence on the
cloud dynamical response. The SIP-ON scenario provided
a detailed process-level description of the glaciating mech-
anism in young cumulus towers with scant concentrations
of ice nucleating particles that followed the chain-reaction-
type metamorphosis of supercooled liquid cumulus towers
proposed by Koenig (1963). We confirmed the auto-catalytic
role played by secondary ice particles, and found that the
droplet shattering mechanism plays a decisive role in the ini-
tiation of the glaciating mechanism. There must be a con-
siderable presence of large supercooled droplets (i.e. integral
diameter of rain droplets above 3.5 mmL−1) at temperatures
below 265 K to activate the positive feedback among the SIP
mechanisms. Despite its higher production rates of ice crys-
tals, the mechanism of ice–ice collisional breakup can occur
only if there are large ice particles present (i.e. IMF values
are low for smaller ice particles) and this is why it required
that SIP-droplet shattering occurs first to produce large frag-
ments of frozen drops that later grow through accretion. In
the absence of high enough INP concentrations to generate
adequate background ice conditions, the occurrence of SIP-
IIBR is subordinated to the occurrence of SIP-DS.

Surface precipitation rates in the SIP-ON scenario showed
increases in the probability of occurrence at values below
20 mmh−1 due to increases in the number concentration of
millimeter-sized droplets. Changes in the surface precipita-
tion rates in the early phase occurring shortly after SIP events
were minimal but increased with the enhancement in accre-
tion rates (i.e. more numerous large ice particles produced
more raindrops below the melting layer) causing an increase
in the domain-mean cumulative precipitation in the SIP-ON
scenario.

Although our findings are derived from a single cloud
case, they still move us forward towards the goal of find-
ing a simplified conceptual model to account for secondary
ice production effects in clouds of different genesis. We had
pointed out the importance of finding a set of ice multi-
plication factor parametrizations, triggering conditions for
SIP events and size distribution of freshly generated sec-
ondary ice particles that was able to reproduce observed sec-
ondary ice formation was essential to reach this goal. In
this study, we offer a validated alternative to be tested in
other cloud case studies. We found that the IMF parame-
terizations for droplet shattering (Phillips et al., 2018) and
ice–ice collisional breakup (Phillips et al., 2017b; Grzegor-
czyk et al., 2025a) were essential to explore more complex
variable dependencies between micro- and macro-physical
cloud properties giving a more realistic scenario for process–
understanding studies such as this one. Likewise, the consid-
eration of the kinetic collisional energy effect on the prob-
ability of secondary ice particle generation was essential to
capture turbulent effects on collision–driven processes which
in turn responded to changes in the convection intensity in-

side clouds. It is clear that both laboratory experiments and
airborne in-cloud studies are needed to reveal the critical lim-
its of the relative size of colliding hydrometeors that trigger
each mechanism, and also if there are additional dependen-
cies to crystal habits (e.g. stellar crystal fragmentation) or
different temperature effects. The size distribution of freshly
generated secondary ice particles was also important because
of its role defining which ice-related microphysical processes
are enhanced and up to what extent due to the modification of
hydrometeor collision kernels (i.e. settling velocities depend
on thermodynamic phase, size and particle shape in the case
of ice particles), and how changes in these processes affect
the accretional growth of ice and cloud/rain droplets. This
is particularly relevant for modelling precipitation formation
via ice particles.

It is essential to perform more of this type of process–
understanding studies in different cloud types to explore how
to improve the representation of the spatial and temporal
variability in the cloud thermodynamic phase in large-scale
atmospheric models and with that, their capabilities to pre-
dict the development of precipitation via ice phase. Also, the
cloud research community would benefit from more labora-
tory studies that settle variable dependencies of SIP rates as
well as in-cloud observational studies to tune-up laboratory-
derived parametrizations. A deeper evaluation of the rime
splintering mechanism added to the effort of Seidel et al.
(2024) should be prioritized given the dominant role that this
mechanism has in current cloud schemes of large-scale mod-
els.

Code availability. Large-eddy-simulations were performed with
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